The outer membrane (OM) proteins of a Pseudomonas syringae pv. syringae strain (HS191), capable of causing holcus leaf spot of corn and other grasses, and two plasmidless derivatives of HS191, one avirulent (AO111) and one with reduced virulence (PSGlOO), were isolated by selective solubilization of the cytoplasmic membrane (CM) with 0.4% (w/v) SDS or by centrifugation on sucrose density gradients. OM preparations were enriched in hexosamine and 2-keto-3-deoxyoctonate and contained little of the CM enzymes NADH oxidase and malate dehydrogenase. Characterization of OM preparations by SDS-PAGE and isoelectric focusing indicated a minimum of 20 OM proteins; protein bands 8 and 9 quantitatively predominated. In addition, some of the proteins were modified by heat and others by 2-mercaptoethanol. Although protein 5 was absent in both plasmidless strains, A01 11 differed from PSG100 in lacking protein 5a and having two proteins (8b' and 8c') with different PI values. It is suggested that plasmid pCG 13 1 coded for protein 5 (mol. wt 68 000) and repressed the synthesis of proteins 4a (78000) and 5a (63000). The relationship of specific changes in OM protein composition to virulence is discussed.
Recently, it has been suggested that a plasmid (pCG131), present in the P . syringae pv. syringae strain (HS191) that causes holcus leafspot of corn (Zea mays), may have a role in virulence (Gonzalez & Vidaver, 1979) . A strain of P . syringae (PSGl00) cured of this plasmid by heat treatment was less virulent than the parental strain (HS191); a plasmidless derivative (A01 11) obtained following treatment with acridine orange was avirulent and lacked the capability to produce the phytotoxin, syringomycin. Strain A01 1 1 elicited a hypersensitive response in corn leaves, indicative of qualitative changes in the cell (Sequeira, 1978) . Since plasmids may affect the OM protein composition (Ferrazza & Levy, 1980; Kennedy et al., 1977) , plasmid pCG131 may code for or regulate a protein or proteins involved in recognition, toxigenesis, or both.
The cell envelope of P . syringae, like that of other Gram-negative bacteria, is composed of two membranes, the outer and the cytoplasmic membrane, which are separated by the peptidoglycan layer (Costerton et al., 1974) . In Pseudomonas, isolation and purification of cell wall (outer membrane-peptidoglycan complex) has been reported only for a few species (Hancock & Nikaido, 1978; Mizuno & Kageyama, 1978) . These outer membranes contained relatively few proteins (18 to 30), with one to four predominating. However, little is known concerning the function of the majority of these proteins in Pseudomonas. Porin functions have been demonstrated for selected pseudomonas OM proteins (Hancock & Nikaido, 1978 ; Hancock et al., 1979) . Nicas & Hancock (1980) also have proposed that protein H1 of P . aeruginosa replaces Mg2+ at specific sites on the LPS, thus protecting the cell from effects of cationic antibiotics.
This report establishes procedures for the rapid and reproducible isolation of purified cell walls from P . syringae. The OM protein composition of virulent, moderately virulent, and avirulent strains of pv. syringae is characterized by several criteria and related to the presence of plasmid pCG131. The results suggest that the plasmid alters the OM protein composition.
METHODS
Bacterial strains and culture conditions. Pseudomonas syringae pv. syringae strains HS191 and A 0 1 11 were obtained from A. K. Vidaver (University of Nebraska, Lincoln, Neb., U.S.A.). Strain HS191 is pathogenic for corn plants and other selected grasses and produces the phytotoxin, syringomycin. It carries a 34 megadalton plasmid, pCG131. Strain A01 11 is an avirulent, nontoxigenic, and plasmidless derivative of HS191 selected following treatment with acridine orange. Strain PSGl00, provided by R. H. Olsen (University of Michigan, Ann Arbor, Mich., U.S.A.), is a toxigenic and plasmidless derivative of HS191, obtained after heat treatment, that exhibits reduced virulence for corn (A. K. Vidaver, personal communication).
Cultures were maintained at 4°C on a nutrient broth/yeast extract medium (Vidaver, 1967) . Strains were routinely transferred and tested for production of syringomycin as previously described (Gross & DeVay, 1977) . For cell wall analysis, shake cultures were grown to either exponential phase (between 2 x lo8 and 5 x los c.f.u. ml-l) or to stationary phase (lo9 c.f.u. ml-') at 25 "C in N minimal salts medium containing 1 % (w/v) dextrose (Vidaver, 1967) . Cells were harvested by centrifugation at 10000 g for 20 min at 4 "C and washed once in 0.9% (w/v) NaCI. Cells not used directly following harvest were stored at -70 "C.
Routine isolation of outer membrane. Several procedures were compared for the efficient and reproducible isolation of purified cell walls. The first procedure, a modification of one described by Nixdorff et al. (1977) , was used for the routine isolation of cell walls from P . syringue. Each gram of frozen (or fresh) cell paste was suspended in 5 ml deionized water. A small quantity of pancreatic RNAase [60&125 units (g cells)-1] and DNAase [60-125 units (g cells)-'] was added and the suspension was cooled for 10 min in an ice-bath. A 10% (w/v) solution of SDS was added dropwise with stirring to a final SDS concentration of 0.4%. The viscous suspension was passed twice through a French pressure cell at 20000 lbf in-2 (138 MPa). Whole cells were removed by centrifugation at 10000 g for 10 min at 4 "C. The supernatant was centrifuged at 81 000 g for 30 min at 4 "C. The pellet containing the cell walls was washed three times in 0.02 M-NaHCO, and twice in deionized water. The washed cell wall preparation was suspended in deionized water and either lyophilized or stored at -20 "C. Unless stated otherwise, all of the results were obtained from analysis of cell walls isolated by this procedure.
Comparative procedures for isolation ofouter membrane. Additional procedures for isolation of cell walls included the use of Triton X-100 in the presence of magnesium ions (Schnaitman, 1970) , and extensive differential centrifugation of cells ruptured in the French pressure cell (Lane & Hurlbert, 1980) . In addition, cell walls were isolated on sucrose density gradients using cells ruptured in the French pressure cell or with lysczyme/EDTA.
In . Whole cells were removed by centrifugation at 100OOg for 10 min at 4 "C. After dilution of the supernatant with 10 mM-Tris/HCl buffer (pH 8.0) containing 1 mM-DTE (3 vol. buffer per vol. lysate), the cell envelopes were pelleted by centrifugation at 46000 g for 30-60 min at 4 "C and resuspended in a small volume of 10 mM-Tris/HCl buffer (pH 8.0) containing 3 mM-EDTA and 1 mM-DTE. Cytoplasmic membranes were pelleted from the 46000g supernatant by centrifugation at 110000 g for 3 h at 4 "C and resuspended in the Tris/HCl/DTE buffer. The cell envelopes and the cytoplasmic membrane (CM) (10 mg protein in 1 ml) were layered on discontinuous sucrose density gradients consisting of 65, 50, 45, 40 and 35% (w/v) sucrose (2, 2, 2, 3 and 3 ml, respectively) in 10 mM-Tris/HCl buffer (pH 8.0) containing 5 mM-EDTA and 1 mM-DTE. Following centrifugation to equilibrium at 202000 g for 15-21 h at 4 "C, fractions were collected as previously described (Lane & Hurlbert, 1980) . For spheroplast formation, freshly harvested cells (5-6 g wet wt), washed in 10 mM-Tris/HCl buffer (pH 8.0), were suspended to 80ml in cold 20% (w/v) sucrose. With the suspension on ice, 0.9ml 1 M-Tris/HCl buffer (pH 8.0) was added with mixing, followed by 1-68 mlO.5 M-EDTA (pH 8.0). Freshly prepared lysozyme [36 mg in 2 ml20% (w/v) sucrose] was added dropwise with mixing and the suspension was brought rapidly to 30 "C. When 70% or more of the cells had formed spheroplasts, as judged by observation with a phase-contrast microscope, 1 ml 2 M-MgC1, was added together with a small amount of pancreatic DNAase [60-125 units (g cells)-l] and the incubation continued until the viscosity was reduced (15-30 min). The suspension was diluted with 60 ml 20% (w/v) sucrose and centrifuged at 10000 g for 10 rnin at 4 "C. The supernatant was centrifuged at 43000gfor 30 min at 4 "C and the pellet, containing the OM, was washed once in 10 mM-Tris/HCl buffer (pH 8.0) containing 3 mM-EDTA and 1 mM-DTE. The OM preparation was subjected to sucrose density gradient centrifugation as described above.
PAGE and isoefecrricfocusing. One-and two-dimensional SDS-PAGE for the detection of proteins modifiable by 2-mercaptoethanol and heat was performed as previously described (Hui & Hurlbert, 1979; Lane & Hurlbert, 1980) . Two-dimensional separation of proteins by charge and molecular weight was performed by the method of Ames & Nikaido (1976) , except that ammonium persulphate was used for polymerization. The total concentration of ampholines was 2% (w/v), and the mixture comprised a 2 : 2 : 1 ratio of the pH ranges of 4-6,6-8, and 3.5-10, respectively. Gels were focused at 0.15 W per tube for 6-5 h. Gels were stained for protein and for carbohydrate as previously described (Lane & Hurlbert, 1980) .
Enzymic and chemical analyses. Protein, hexosamine, and 2-keto-3-deoxyoctonate (KDO) were determined as previously described (Darveau et al., 1980; Lane & Hurlbert, 1980) . NADH oxidase (EC 1.6.99.3) was determined by following the decrease in A340 (Darveau er af., 1980) ; malate dehydrogenase (EC 1.1.1.37) was assayed as described by Markwell & Lascelles (1978) .
R E S U L T S

Comparison of cell walls isolated by various techniques
Pseudomonas syringae HS19 1 cell walls obtained following disruption with a French pressure cell were characteristic of Gram-negative cell walls in that they : (i) pelleted at g values (46000 g) that typically sediment cell walls (Lane & Hurlbert, 1980; Schnaitman, 1970) ; (ii) banded in sucrose density gradients at a density typical of Gram-negative cell walls (1 -22-1 -24 g ~m -~) (Fig. la) ; (iii) contained material which reacted with thiobarbituric acid to produce an absorption spectrum identical with authentic KDO (data not shown) (Table 1 ; Fig. 1 a ) ; (iv) were enriched in hexosamine (Table 1) ; and (v) contained relatively small amounts of CM enzymes (Table 1) . Over 80% of the CM enzyme activity remained in the 46000 g supernatant. The material that pelleted at 110000 gcontained these enzymes and formed a profile (Fig. 1 b) on sucrose density gradients distinct from that of the cell walls (Fig. 1 a) . SDS-PAGE analysis of the lower band collected from the gradient yielded a minimum of 17 to 20 proteins (Fig. 2 , lane 5) in a pattern distinct from that of the upper band (Fig. 2, lane 6) . Cell walls isolated on sucrose gradients in the presence of EDTA contained significantly less contaminating protein, as judged by SDS-PAGE analysis, than the same material obtained from gradients in the absence of EDTA (data not shown). In the presence of EDTA the bulk of the malate dehydrogenase remained at the top of the gradient, whereas the NADH oxidase and a portion of the malate dehydrogenase were found near the centre of the gradient (Fig. 1 b) . The 1 lOOOOg pellet obtained from the 46000 g supernatant, when analysed without EDTA in either the buffer or the sucrose gradients, yielded a major peak of 280-260 nm-absorbing material with a high 260/280 nm absorbance ratio and a density of approximately 1-16 g ~r n -~ (unpublished data). This peak contained the bulk of the CM enzyme activities. Fig. 1 (b) . $46000 g pellet of fractions 3 to 6 in Fig. 1 (a) . 11 Obtained by extensive washing (by centrifugation at 46000g) of cells disrupted in the French pressure cell.
Pseudomonas syringae produced spheroplasts upon treatment with lysozyme and EDTA, and released a fraction that was typical of cell walls as determined by the SDS-PAGE protein pattern (Fig. 2, lane 1) . However, since the yield of material was very low, this procedure was not utilized further. Fig. l ( a ) , fractions 3 to 6; lane 6, cytoplasmic membrane isolated from sucrose gradients as in Fig. 1 (b) , fractions 16 to 19. The positions of molecular weight standards are indicated by arrows on the right. Protein standards were bovine serum albumin (mol. wt 67000), egg ovalbumin (43 000), aldolase (37000) and lysozyme (14300). The numbers on the left indicate significant OM proteins.
Repeated washing of French pressure cell disrupted material by centrifugation at 46000 g in deionized water, or buffer, yielded a fraction that was enriched in cell walls (Table l) , but still contained significant quantities of contaminating proteins (Fig. 2, lane 4) . The selective solubilization of non-cell-wall material at low SDS concentrations as described by Nixdorff et al. (1977) was easy, reproducible, and yielded cell walls that were essentially identical in their major features to those obtained using the other methods ( Table 1 and Fig. 2, lane 2) . However, NADH oxidase and malate dehydrogenase activities could not be determined following SDS treatment, apparently due to enzyme denaturation. The OM protein pattern, however, was comparable to that of the OM purified by sucrose density gradients (Fig. 2, lane 5) . Of the 15 major bands labelled in Fig. 2 , at least two (2 and 8) contained two or more proteins. Band 2 occasionally resolved into two proteins in these gels, but the proteins of band 8 could only be resolved by other procedures (see below). Other analyses showed that proteins 5, 7, 9, 13 and 8 are modified by heat and that proteins 1, 9, 12, 13 and 8 are modified by 2-mercaptoethanol (data not shown).
Efect of growth phase on OM protein composition
Only minor differences in OM protein composition were observed for strain HS191 cells harvested in the exponential and the stationary phase. Exponential-phase cells had lower quantities of proteins 4 and 11, and protein 3 usually was not present (data not shown).
Comparison of outer membrane proteins from P. syringae HS191 with those from plasmidless derivatives Analysis of cell walls from the two plasmidless derivatives of HS 19 1 ( A 0 1 1 1 and PSG 100) by SDS-PAGE showed that protein 5 (mol. wt 68000) was missing in both plasmidless strains, and that two new proteins, 4a (78000) and 5a (63000), were present in strain PSGlOO (Fig. 3) . Protein 4a, but not protein 5a, was also found in strain A 0 1 11. Fig. 3 . SDS-PAGE of outer membranes from P. syringae HS191 and its plasmidless derivatives, PSG 100 and A 0 1 11. Samples were solubilized at 100 "C for 3 min and contained 30 pg protein per lane. The small arrows on the photograph indicate the position of protein 5, missing in the two plasmidless strains derived from HS191. Proteins are numbered as in Fig. 2 . The positions of the molecular weight standards are indicated by the arrows on the right. Protein standards were the same as in Fig. 2 except that aldolase was replaced by trypsinogen (mol. wt 24000). Outer membranes were obtained from cells grown to exponential phase.
Since one-dimensional SDS-PAGE analysis does not always separate all of the proteins in a sample, cell walls of the three strains were subjected to two-dimensional analysis using isoelectric focusing in the first dimension and SDS-PAGE in the second. Three or more separately isolated cell wall samples from each strain were analysed by this technique; only consistent differences are discussed below. A minimum of 20 spots were seen on each gel and the majority of the proteins had apparent PI values between 4.8 and 6-2 (Fig. 4) . Proteins 14 and 15 always appeared as diffuse streaks. Some proteins also showed charge heterogeneity, observed by the formation of a series of spots with the same mobility in the SDS-PAGE dimension (e.g. Fig. 4, proteins 7, 8a, and 9) . Some of these spots, of course, may represent distinct proteins. However, protein 2 was resolved to be two proteins (2a and 2b) and band 8 contained at least three proteins with apparent molecular weights of 48000 (Fig. 4 ) . Fig. 4 . Two-dimensional isoelectric focusing (IEF) and SDS-PAGE analysis of cell wall proteins from P . syrirzgae HS191 and its plasmidless derivatives, PSGlOO and A01 11. Proteins are numbered as in Fig. 2 . In each case 80 pg protein was applied to the gel; samples were solubilized at 100 "C for 3 min. Direction of development in each dimension is shown at the top and side of each gel. The pH range of the IEF gels is indicated at the top of each gel; the pH gradient was linear over the length of the gel. The top (left) and bottom (right) of the IEF gel are indicated by arrows at the top of each polyacrylamide gel. Outer membranes were obtained from cells grown to exponential phase. Although protein 2b ,was generally found at low levels in all three strains, this protein is difficult to resolve in the gels shown here for either HS191 or PSG100.
A comparison of the three strains verified the differences seen in one-dimensional gels.
Protein 5 was present only in strain HS191, whereas protein 5a was found only in strain PSG 100 (Fig. 4) . Both HS191 and PSG100 contained proteins 8a, 8b, and 8c. Strain A 0 1 1 1 contained protein 8a together with two proteins (proteins 8 b and 8c') with apparent molecular weights similar to those of proteins 8b and 8c (40000) (Fig. 4) . However, these proteins had significantly different PI values.
R . E . H U R L B E R T AND D. C . GROSS
DISCUSSION
The OM of P . syringae was readily isolated by a number of techniques and was qualitatively similar in protein composition to OM isolated from other Gram-negative bacteria (Osborn & Wu, 1980) . The OM isolation technique used in this study (SDS solubilization) would appear to be applicable to most Gram-negative bacteria. We have used this technique to isolate OM from Chrornatiurn vinosurn, Yersinia pestis, Escherichia coli, Rhodospirillum rubrurn and Rhodopseudornonas sphaeroides, and in each case the SDS-PAGE protein patterns have been essentially identical to those of OM isolated from these organisms by other commonly used techniques (unpublished data).
When OM was isolated on sucrose density gradients, a preliminary separation of the OM and CM by differential centrifugation at 46000g was useful in enriching for the OM (Fig. 1) .
Although Hancock et al. (1979) reported that EDTA significantly decreased the yield of P. aeruginosa OM, EDTA had no effect on the quantity of P . syringae OM and purity was improved following isolation on EDTA-containing gradients. The CM of P . syringae, however, appeared to be sensitive to EDTA. In the absence of EDTA a large 280-260nm-absorbing peak was present at a density of 1.16 g ~m -~, whereas only a small 280-260 nm-absorbing peak could be seen at this position on gradients that contained EDTA. Similar results have been reported for Y. pestis (Darveau et al., 1980) .
A minimum of 15 protein bands were observed for P . syringae OM on one-dimensional SDS-PAGE gels. Bands 8 and 9, at apparent molecular weights of 48000 and 40000, respectively, were present in major quantities. Similar numbers of major and minor proteins have been observed for P . aeruginosa (Hancock & Nikaido, 1978; Hedstrom et al., 1981 ; Mizuno & Kageyama, 1978) .
Analyses of all three strains show that proteins 5,7,9, 13,8a, 8b and 8c are modified by heat, and that proteins 1, 9, 12, 13, 8a, 8b and 8c are modified by 2-mercaptoethanol. Furthermore, extraction of the cell envelope of P . syringae HS191 with 2% (w/v) SDS at 25 "C resulted in the solubilization of all the OM proteins except for a portion of proteins 9 and 15, which remained associated with the peptidoglycan (unpublished data). Major proteins with the molecular weight 30000-40000 range have been commonly observed to be heat modifiable (Hancock & Carey, 1979 ; Nakamura & Mizushima, 1976 ; Russell, 1976) , apparently as a result of self-aggregation and/or association of the proteins with LPS or phospholipids. Mizuno (1979) determined that peptidoglycan-associated proteins, of molecular weights between 33 000-40000 and 20 000-21 000, were present in several pseudomonads, including P . jhorescens, P . putida, and P . aeruginosa. In P . aeruginosa, proteins F (41 000) and H2 (21 000) are peptidoglycan-associated; they are similar in size to the peptidoglycan-associated proteins 9 (40 000) and 15 (20000) found in P . syringae. Since the 21000 molecular weight protein of E. coli and protein H2 of P . aeruginosa appear to be structurally and functionally equivalent, it has been suggested that this protein may be an essential component in the cell envelope of Gram-negative rod-shaped bacteria (Mizuno, 1979) . Protein 15 of P . syringae may be a member of this group. Protein 9 is similar in size and quantity to protein F (41 000), the porin protein described for P . aeruginosa (Hancock & Carey, 1979) ; protein F also is modified by both heat and 2-mercaptoethanol and is peptidoglycan-associated. However, it remains to be determined if protein 9 in P . syringae is a porin protein.
The observed differences in the protein composition of OM isolated from HS191, as compared to both the moderately virulent (PSGl00) and avirulent (A01 11) derivatives, may be directly or indirectly related to the host-pathogen relationship. Since both PSGlOO and A01 11 have lost the pCG 131 plasmid, it is reasonable to assume that those observed changes found in the OM protein composition of both strains are related to this loss. Strain A01 11, which was selected following treatment with acridine orange, may have chromosomal mutations in addition to the loss of pCG131. If the only difference between PSGlOO and HS191 is the presence of a plasmid, then the synthesis of those proteins present in the OM of PSGlOO and lacking in the OM of HS191 (i.e. 4a and 5a) must be under the control of the plasmid genome. Nikaido (1979) has suggested that plasmids may repress the synthesis of OM proteins; the lambdoid phage PA-2 suppresses the synthesis of an OM protein in E. coli (Diedrich et al., 1977) .
Protein 5 is absent in both P. syringae plasmidless strains, suggesting that it is plasmid-encoded or that a plasmid-encoded factor is required for its synthesis.
Some of the changes in the OM protein composition of A01 11 may have contributed to the loss of its pathogenicity. Differences between strains A01 11 and PSGl00, including lack of proteins 5a, 8b, and 8c for A01 1 1 and synthesis of 8b' and 8c', could relate to changes in other membrane components. Complexes of outer membrane protein(s) and LPS from phytopathogenic pseudomonads are known to modify host recognition (Mazzucchi et al., 1979; Sequiera, 1978) , and subtle interactions between OM proteins and LPS affect phage and colicin receptor activity in E. coli (Chai et al., 1982; Yu & Mizushima, 1982) . The LPS-associated proteins described for two pathovars of P. syringae (Mazzucchi et al., 1979) are similar in size to proteins 8a, 8b and 8c observed in strain HS191. In P. aeruginosa, LPS-associated proteins resemble the 8a, 8b, and 8c proteins in size and sensitivity to heat (Hancock & Carey, 1979) . Although LPS was detected on gels containing OM from HS191 following treatment with periodic acidSchiff s stain for carbohydrate (unpublished data), interactions with OM proteins were not observed since LPS dissociates from protein during electrophoresis (Schweizer et al., 1978) .
The parameters important in the isolation and characterization of P. syringae OM and its proteins are detailed in this report. This forms a basis for the study of OM protein function(s) in P. syringae. Plasmid pCG131 appears not to be essential for pathogenicity or syringomycin production (Gonzalez & Olsen, 1981) ; however, it does appear to make a small contribution to virulence (A. K. Vidaver, personal communication) . Therefore, if OM proteins modify virulence, then those that are not controlled by the plasmid may be more appropriate for such analyses. Hignett & Quirk (1979) suggested that an OM protein affects virulence of a phytopathogenic pseudomonad. Thus, analyses of specific OM proteins may elucidate the physiological contribution(s) of the OM to the mechanism of phytobacterial pathogenesis.
